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A method of generating spin polarized proton beams from a gas jet by using a multi-petawatt
laser is put forward. With currently available techniques of producing pre-polarized monatomic
gases from photodissociated hydrogen halide molecules and petawatt lasers, proton beams with
energy & 50 MeV and ∼ 80% polarization are proved to be obtained. Two-stage acceleration and
spin dynamics of protons are investigated theoretically and by means of fully self-consistent three
dimensional particle-in-cell simulations. Our results predict the dependence of the beam polarization
on the intensity of the driving laser pulse. Generation of bright energetic polarized proton beams
would open a domain of polarization studies with laser driven accelerators, and have potential
application to enable effective detection in explorations of quantum chromodynamics.
The polarization of a beam describes the collective spin
state for an ensemble of particles. Since polarized par-
ticle beams play important roles in solving a wide va-
riety of scientific and medical problems [1–3], the gen-
eration [4] and measurement [5] of polarization observ-
ables has a flourishing tradition at conventional particle
accelerators. In particular, spin polarized proton beams
enable key measurements in explorations of the quantum-
chromodynamics landscape [6, 7]. High luminosity is re-
quired in such experiments for both high energy colliders
to solve the outstanding proton spin puzzle [8, 9] and
low energy colliders to extend Standard Model tests [10].
However, the intensity of the polarized beams is gener-
ally limited to several hundred milliamperes [11], which
is very difficult to be further increased at a traditional ac-
celerator [4]. Although the beam quality of laser driven
protons are not yet competing to the traditional acceler-
ators, the beam intensity can be increased by several or-
ders of magnitude. Therefore, investigation of spin effects
of protons in laser accelerators becomes timely and in-
teresting, because it enables new low-cost, compact laser
accelerators of polarized proton beams.
With the advent of ultra-intense lasers up to
∼ 10 PW [12–14], plasma accelerators are now capa-
ble of providing beams with energies of almost hundred
MeV per unit charge [15–21]. There have been multi-
ple theoretical works how to generate polarized beams
in laser driven accelerators [22–27]. These show that
underdense plasmas provide an unique opportunity for
generation of polarized beams already at existing laser
facilities, thanks to recent experimental progress of pro-
ducing polarized atomic hydrogen gases with densities
above 1019 cm−3 [28]. Although such prepolarized gases
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FIG. 1. A schematic diagram showing laser acceleration of
polarized protons from a dense hydrogen chloride gas target
(brown). Molecules are initially aligned along z-axis via a
weak optical laser. Blue and white balls represent nuclei of
hydrogen and chlorine atoms, respectively. Before the acceler-
ation driven by an intense laser beam (indicated by the green
area), a weak circularly polarized UV laser (purple area) is
used to generate the polarizes atoms along the longitudinal
direction via molecular photodissociation. The brown curve
indicates the initial density distribution of the gas-jet target.
The polarized proton beam is shown on the right (blue) with
arrows (red) presenting the polarization direction.
can be used in principle to produce multi-MeV proton
beams [29–32], an intuitive and optimized acceleration
regime and a comprehensive understanding of the accel-
eration mechanisms is still pending.
In this Letter, we report the first demonstration of
laser driven polarized proton acceleration by means of
full three-dimensional (3D) Particle-In-Cell (PIC) sim-
ulations using a basic scenario with available unltra-
intense lasers and pre-polarized gases. The schematic di-
agram (see also in [22, 25]) is shown in Fig. 1. The laser
system comprises a weak circularly polarized UV laser
to generate spin polarized atoms via photodissociation,
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FIG. 2. Snapshots at t = 330λ/c of: (a) phase-space distribu-
tion, and (b) spin spread of protons with energy E > 20 MeV
on the Bloch sphere. Simulation parameters can be found in
the text.
and an intense laser to accelerate protons. The acceler-
ated proton beam can be depolarized via asynchronous
spin precession in inhomogeneous electromagnetic fields
of laser driven plasmas. Using a gaseous HCl target with
molecular density ∼ 1019 cm−3 and a 1.3 petawatt (PW)
laser as an example, the energy of accelerated polarized
protons can be as high as 50 MeV, with a beam po-
larization above 80 %. The corresponding phase space
distribution and the spin spread of accelerated protons
are shown in Fig. 2. As will be seen below, the energy
increases with the power of the driving laser, while the
polarization of the beam is almost preserved.
We have proposed a related conceptual setup in [22],
however, several criteria have to be satisfied for the suc-
cess of laser induced spin-polarized beam acceleration.
First, the parameters assumed in the simulations can
be realized in experiments. Second, protons are acceler-
ated effectively in the setup with a polarized/polarizable
target. Third, a high degree of polarization of the ac-
celerated protons is retained. The first criterion is met
by adopting currently available PW lasers and a gas jet
of polarized atoms with hydrogen density ∼ 1019 cm−3.
The latter can be built via laser photodissociation with
circularly polarized UV laser pulses (see Fig. 1) [28]. Af-
ter the molecules are dissociated to polarized atoms, the
polarization is transferred from electrons to nuclei within
a few 100 ps and oscillates between electrons and nuclei
afterwards. Experiments should be designed such that
the polarized gas is fully ionized by the PW laser when
the hydrogen nuclei acquire a high degree of polarization.
The delay between the UV laser and the driving pulse for
ion acceleration should therefore be carefully controlled,
which is accessible by splitting one laser beam [25] or
by combining different laser systems [22]. The remaining
two criteria of efficient proton acceleration and small spin
smearing under current available experiment conditions
will be demonstrated below with 3D-PIC simulations.
Acceleration and spin precession of protons are inves-
tigated employing the EPOCH code [33] which has been
extended by spin effects [34–36]. The spin state of a
charged particle with kinetic momentum p and velocity v
is characterized classically by the unit vector s = (c∗1c2 +
c1c
∗
2, ic1c
∗
2−ic∗1c2, |c1|2−|c2|2), with c1 |↑〉+c2 |↓〉 denot-
ing the arbitrary spin state on the Bloch sphere of Fig.
2(b) and |↑〉 a spin direction parallel to the z-axis. Fur-
thermore, the Landau-Lifshitz equation dp/dt = FL+FR
is applied to calculate the motion of electrons in the
radiation-dominated regime driven by PW lasers [37].
Here FL = −q(E + v × B) is the Lorentz force and
FR ≈ q4/(6piε0m2c5)[(v ·E/c)2−(E+v×B)2]γ2v is the
Landau-Lifshitz force, with γ the relativistic Lorentz fac-
tor, c the speed of light in vacuum, m and q the electron
mass and charge, respectively.
The 3D-PIC simulations are performed with a mov-
ing box of size 100λ × 80λ × 80λ represented by a
1000×400×400 grid at speed of light c and a total pseu-
doparticle number of 8× 108. The laser pulse for proton
acceleration ( green area in Fig. 1) with a bi-Gaussian
envelope a = exa0 exp[−(t−z/c+z0/c)2/τ20−r2/w20] and
a focal position z0 propagates along the z-axis, where the
laser amplitude a0 = 25, focal radius w0 = 10λ, wave-
length λ = 800 nm, and temporal duration τ0 = 10λ/c.
In order to reach a high acceleration efficiency, the laser
pulse is focused to the left boundary of the gas target
z0 = z1 = 50λ. The target is assumed to be a fully
ionized plasma of HCl gas, with all protons initially po-
larized along the z-axis η0 = 〈s0〉 · ez = 1. Its density
profile, as shown by the brown curve in Fig. 1, is a uni-
form plateau with steep edges [32, 38–40]. The length of
the target is ` = z2 − z1 = 200λ. The density gradient
at the edge is expressed as n = n0 exp[−(z − zi)2/δ2` ]
with δ` = 5λ, where i = 1 and 2 correspond to the
left and right boundaries of the target, respectively. In
the following simulations, gas jets with electron density
n0 = 0.36nc are applied where nc = ε0mω
2/e2 is the
critical plasma density, ε0 the vacuum permittivity, and
ω = 2pic/λ the laser frequency. One should note that the
proton density np is lower than the plasma density, i.e.,
np = n0/(ZH + ZCl) ≈ 3.48 × 1019 cm−3, with charge
numbers of hydrogen ZH = 1 and chlorine ZCl = 17.
Acceleration of protons and spin precession take place
within the plasma channel driven by the intense laser.
A plasma channel is formed by ponderomotive expul-
sion of charge lying within the laser’s path, as a rel-
ativistic self-focusing effect in high power laser plasma
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FIG. 3. Snapshots of: (a) azimuthal magnetic field at t =
250λ/c, and (b) proton density, (c) chlorine nuclei density, (d)
azimuthal magnetic field and (e) longitudinal electric field at
t = 290λ/c.
interactions when the laser power exceeds the critical
value Pc = 17nc/n0 GW. When a laser pulse with even
higher power propagates in an underdense plasma, PL =
21.49a20w
2
0/λ
2 GW  Pc, an additional central electron
filament is enclosed in the evacuated channel [41, 42] The
displacement of electrons introduces a radial electric field
Er in the plasma channel, as well as an azimuthal mag-
netic field around the channel axis Bφ. The magnetic
field Bφ is represented in Fig. 3(a) by Bx in the z − y
plane. Effected by the space charge field Er, ions also
move into the filament along the channel axis [43]. Due
to the small charge-to-mass ratio of ions, they converge
towards the center on a longer time scale as compared
to the electrons. More specifically, the electron filament
appears inside the laser fields, while the proton filament
forms behind the laser pulse but in front of the chlo-
rine nuclei filament. Figures 3(b) and (c) show the protn
filament is found around 240 . x/λ . 260, and the fil-
ament of chlorine nuclei lies around x . 240λ. Because
of the different responds of particles, longitudinal and
radial space-charge fields are formed within the plasma
channel. As a results, the protons are accelerated in for-
ward and transverse directions under the actions of the
electrons in front and the chlorine nuclei behind. The
advantage of the admixture of chlorine is analogous to
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FIG. 4. Density plot of energetic protons (with E > 5 MeV)
in (a) (c) phase space and (b) (d) space with spin component
sz and z-axis. (a), (b) and (c), (d) corresponds to density
plots at t = 250λ/c and t = 290λ/c, respectively.
the case investigated in Ref. [29].
In addition to the first-stage acceleration in the plasma
channel, we find a second effect at the rear end of the gas
jet, which enhances the proton energies even more signifi-
cantly. When the electrons driven by the laser pulse pass
though the rear boundary, the azimuthal magnetic fields
expands into the vacuum under large angles. Transverse
expansion of the magnetic field generates a strong longi-
tudinal field according to the Faraday’s law, as shown in
Fig. 3(d) and (e). The focused protons in the filament
near the rear boundary are then accelerated strongly.
This secondary acceleration is known as magnetic vor-
tex acceleration [44–46].
Figures 4(a) and (b) present effects of the proton ac-
celeration in the plasma channel (with z < z2), and the
spin distribution of energetic protons, respectively. It
indicates at t = 250λ/c many energetic protons start
to converge to the front of the proton filament around
zf = 230λ. The energy of these front protons is less
than 10 MeV. In contrast to that, the tail protons which
converge to the filament before (t < 250λ/c) are accel-
erated further to energies beyond 10 MeV but sit far
behind the driven laser with z < zf . The spin preces-
sion for these front protons and tail protons play differ-
ent roles as will be discussed below. The PIC simula-
tions have provided clear evidences for the strong mag-
netic field in the laser driven plasma channel as shown
in Figs. 3(a) and (c). Due to the cylindrical symmetry
of the azimuthal magnetic field in the plasma channel,
the transverse spin components, sx and sy, spread sym-
metrically. This concurs with the spin distribution on
the Bloch sphere shown in Fig. 2(b). The polarization
4of the collected proton sample is thus determined by the
longitudinal spin component P = 〈sz〉. Note that depo-
larization via direct precession of protons is donimant in
laser accelerators and the depolarization rate of protons
in plasmas via binary collisions ∼ 10−22ncm3
√
TeV s
−1 is
negligibly small because of the applied low densities and
low temperatures [47], where TeV is the temperature in
units of electronvote and ncm3 is the plasma density in
units of cm−3.
Spin precession is calculated in the PIC simula-
tions with the Thomas-Bargmann-Michel-Telegdi equa-
tion [48, 49]
ds
dt
=
q
M
s×
[(
G+
1
γ
)
B − Gγv ·B
γ + 1
v
c2
−
(
G+
1
γ + 1
)
v
c2
×E
]
, (1)
where G ≈ 1.79 is the anomalous magnetic moment of
the proton and M and is the proton mass. Simulations
as shown in Figs. 4(a) and (c) indicate γ − 1 ∼ 10−2
and |v| /c ∼ 10−1 for accelerated protons. The spin
of protons in the filament can be roughly estimated via
sz ≈ 1−
∫ τ
0
dt(q/M)(G+ 1)Bφ, with τ the time duration
for proton to move to the axis under the radial electric
field Er. It explains a significant spin precession in the
simulations. First, due to the small proton velocity, the
precession time τ in the magnetic fields is long; second,
the anomalous magnetic moment G is larger than that
of electrons; third, spin precession of a proton is directly
affected by its trajectory and the fields structure, where
the dominant azimuthal magnetic field Bφ ∼ 8mω/q in
the plasma channel is strong.
When the protons are focused to the axis, the longi-
tudinal spin component of front protons around z = zf
decreases to sz ∼ 80% as shown in Fig. 4(b). This
indicates that the magnetic field is strong enough to sig-
nificantly depolarize the accelerated beam protons. In
the channel driven by lasers with a0 = 25, about 80 %
of the polarization is retained. For tail protons with fur-
ther acceleration in the channel z < zf in Fig. 4(a), they
conserve their momentum and continue to travel radially
away after they cross the laser axis, which results in a
change of the direction of Bφ. Figure 4(b) shows larger
sz of these protons indicating they precess back to their
initial direction along z.
At the rear boundary of the gas jet, protons experience
the second stage acceleration. When the front of the pro-
ton filament passes z2 immediately after the electrons and
enters the region with strong longitudinal electric field
[see Figs. 3(c) and (d)], corresponding protons are accel-
erated intensely to 40 MeV [see Fig. 4(c)]. Meanwhile,
the spin vector of front protons precesses roughly at the
same rate (∼ 80%) compared to the front protons in the
plasma channel, see Figs. 4(b) and (d). Differently, the
more energetic tail protons in the channel leave too far
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FIG. 5. Snapshots at t = 330λ/c of: (a) Energy spectra and
(b) spin distribution of accelerated protonswith E > 20 MeV
in cases with a0 = 25, 50, 75 and 100, which are presented
with solid-black, solid-red, dashed-red and dotted-red curves,
respectively.
TABLE I. Polarized beams accelerated by PW lasers. Results
from Fig. 5 are compared and the parameters used are given.
Here, PL is the laser power, Ep the peak proton energy, Q the
total charge, P the beam polarization.
a0 PL [PW] Ep [MeV] Q [nC] P [%]
25 1.34 53 0.26 82
50 5.37 105 1.3 65
75 12.1 133 2.4 57
100 21.5 152 3.1 56
behind the electrons. When they pass z2, the magnetic
vortex induced electric field becomes too weak to acceler-
ate protons for its limited lifetime. Figure 2(a) indicates
that only the front protons in the filament are accelerated
to an energy > 20 MeV. In other words, the tail protons
neither contribute to the final accelerated proton beam
nor to the beam polarization.
After the second-stage acceleration at the rear bound-
ary of the gas jet, electromagnetic fields around the accel-
erated beam quickly decay. The magnetic field as well as
the electric field around the propagating axis become too
weak to affect the protons after t = 330λ/c. Thus both
energy and polarization of the proton beam remains con-
stant. Properties of the final accelerated proton beams
with E > 20 MeV are presented in Fig. 2 and solid-black
lines in Fig. 5. Applying laser systems with a power
of 1.3 PW, the protons are accelerated to tens of MeV
with a peak at 53 MeV, while polarization of P = 82 %
is retained. The corresponding proton current shown in
Fig. 2(a) is of the order of 10 kiloampere. Simulations
with lower target density (np ∼ 1018cm−3) results in
lower charge of the accelerated polarized proton beam
(not shown). The accelerated energy and beam charge,
as listed in Table I, increase with the driving laser inten-
sity. As a polarized proton source, one may not boost
the proton energy by enhancing the plasma density as
other magnetic vortex acceleration [44]. Therefore the
beam energy does not increase with the laser power lin-
early. Figure 5(b) implies this non-linear dependence on
5the laser power is also applies to the proton depolariza-
tion. Low intense laser pulses or the rising edges of the
main pulse with much lower power in a real experiment
are not intense enough to accelerate and depolarize the
proton beams from a gas jet. While totally polarized HCl
gases are possibly produced experimentally [50, 51], the
beam polarization can be reduced to η0P when η0 < 1. A
systematic study of other experimental parameters, like
the inhomogeneity of initial polarization η0 (x, y, z), pulse
intensity and duration, or target density and length, on
the proton energy distribution, flux and polarization is
under way and will be subject of a forthcoming publi-
cation. More importantly, as shown in Fig. 5(b) and
Table I, more than 50 % of the proton beam polariza-
tion driven by PW lasers can be sustained. Although
the beam quality need to be further improved, effective
detection in high energy experiments may benefit from
the high luminosity of the laser driven proton beams.
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